Senescence accelerated mice P8 (SAMP8) show significant age-related deteriorations in memory and learning ability in accordance with early onset and rapid advancement of senescence. Brains of SAMP8 mice reveal an ageassociated increase of PAS-positive granular structures in the hippocampal formation and astrogliosis in the brain stem and hippocampus. A spongy degeneration in the brain stem appears at 1 month of age and reaches a maximum at 4-8 months. In addition, clusters of activated microglia also appear around the vacuoles in the brain stem. β/A4(Aβ) protein-like immunoreactive granular structures are observed in various regions and increase in number markedly with age. Other age-associated histological changes include cortical atrophy, neuronal cell loss in locus coeruleus and lateral tegmental nuclei, intraneuronal accumulation of lipopigments in Purkinje cells and eosinophilic inclusion bodies in thalamic neurons. A blood-brain barrier dysfunction and astrogliosis are also prominent with advancing age in the hippocampus. These changes are generally similar to the pathomorphology of aging human brains and characterized by their association with some specific glioneuronal reactions. As for the hallmarks of Alzheimer brains, tau morphology has not yet been confirmed regardless of the age-related increase in phosphorylated tau in SAMP8 mice brains, but early age-related Aβ deposition in the hippocampus has recently been published. SAMP8 mice are, therefore, not only a senescence-accelerated model but also a promising model for Alzheimer's disease and other cognitive disorders.
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INTRODUCTION
Professor Toshio Takeda developed the SAM (senescence accelerated mouse) models at Kyoto University. SAM mice were derived from an AKR/J breeding colony from 1968 to 1973 -a number of these mice showed characteristics of rapid aging. Selective breeding led to the development of a number of sublines of SAM prone (SAMP) and SAM resistant (SAMR) mice by 1991. 1 There are 12 lines; all originated from the P and R series. SAMP inbred strains include SAMP1, SAMP2, SAMP3, SAMP6, SAMP7, SAMP8, SAMP9, SAMP10 and SAMP11, and SAMR inbred strains SAMR1, SAMR4 and SAMR5. The median survival time of SAMP and SAMR at 1994 were 9.7 months and 16.3 months, respectively. 2 In addition to characteristics common to each of SAMP strain, that is, early onset and rapid advancement of senescence as revealed through an analysis of aging dynamics, such as the survivorship curve and grading score system, each SAMP strain has a relatively strain-specific pathologic phenotype which is characteristic enough to distinguish each of the SAM strains. There are senile amyloidosis and impaired immune responsiveness in SAMP1 and SAMP2, hyperinflation of lungs and hearing impairment in SAMP1, degenerative joint disease in SAMP3, osteoporosis in SAMP6, deficits in learning and memory in SAMP8, cataract in SAMP9 and brain atrophy in SAMP10. 2, 3 Among these SAMP sublines, SAMP8 and SAMP10 mice exhibit significant age-related deteriorations in memory and learning ability. SAMP8 mice especially show impairments in memory and learning in passive avoidance tasks, 4, 5 oneway, 4 T-maze 6 and Sidman 7 active avoidance tasks, and spatial tasks. 8 Although no specific pathological hallmarks, such as amyloid plaques or neurofibrillary tangles in the brain parenchyma, have been found, a variety of age-associated pathomorphological alterations and blood-brain barrier (BBB) dysfunction involving neurons, glia and vessels, have been identified in SAMP8 mice brains. 9, 10 No accumulation of abnormal structures or particular inclusion bodies that are typically observed in diseased human brains appear in SAMP8 mice brains; however, some specific reactions of microgla and astrocytes have been found in lesions of these aged brains. 11, 12 These age-associated morphological alterations with abnormal glial responses, age-related increases in phosphorylated tau, and early amyloid accumulation in the hippocampus of SAMP8 mouse brains 13,14 may result in impaired memory and behavioral and learning disturbances. Recent studies reveal the expression of immune-related molecules, including complement proteins and their regulators, inflammatory cytokines, and acute-phase reactants, are found in association with not only brain aging but also Alzheimer disease (AD) pathology, and are produced mainly by microglia and astrocytes. These two cell types are recognized as major participants in immune reactions of the central nervous system. 12, 15 Here, we discuss age-associated neuronal changes with abnormal glial responses, age-related increases in phosphorylated tau and early amyloid accumulation in SAMP8 mice brains concomitantly with BBB dysfunction and qualifications of SAMP8 mice as animal models of geriatric cognitive disorders, including AD.
NEURONAL CHANGES

Neuronal loss of cholinergic neurons and glucose metabolism
Cellular shrinkage of cholinergic neurons in the laterodorsal tegmental nucleus (TLD), a major nucleus of the posterior cholinergic column, was revealed in an age-related fashion by morphometric analyses using NADPH-diaphorase (NADPH-d/nitric oxide synthase (NOS)) histochemistry. 16 An approximately 40% decrease in the neuronal count of the TLD was observed as early as 2 months of age compared with SAMR1 mice of the same age. There was no further reduction in neuronal number; however, significant agedependent shrinkage was found in TLD of elderly SAMP8 mice thereafter. A following study on basal forebrain cholinergic neurons also revealed an age-related alteration in the anterior cholinergic column. 12 A 20% reduction in the density of cells positive for choline acetyltransferase was shown in the medial septum and the diagonal band of Broca in aged SAMP8 mice compared with SAMR1 mice of the same age. After chronic administration of acidic fibroblast growth factor for 9 months, SAMP8 mice showed significant improvement in abnormal behaviors, and cell density in the cholinergic basal forebrain increased to the level of aged SAMR1 mice. 17 A study on neurotrophin genes revealed that expression of neurotrophin 3 mRNA was higher in the cortex and lower in the midbrain, hippocampus and forebrain in SAMP8 mice compared to SAMR1 mice. 18 The study of glucose metabolism revealed a transient overproduction of the transporter protein, which may account for the in vitro increase in glucose metabolism observed only in the cerebral cortex of 4-to 8-week-old SAMP8 mice. 19 In contrast, glucose metabolism in vivo was downregulated after the age of 8 weeks in SAMP8 mice as demonstrated by the 14 C deoxyglucose method. 20 In addition, brain tissue of SAMP8 mice showed a transient enhancement of anaerobic glycolysis in 2-month-olds and a subsequent decline in mitochondrial function. 21 Impaired glucose metabolism in aged SAMP8 mice brains was found to significantly correlate with the severity of learning deficits. 22 These results suggest that glucose metabolism in SAMP8 mice is impaired at both 2 and 10 months of age compared with SAMR1 mice and that this impairment may explain the early morphological manifestations, such as the spongy state of the brainstem, the derangement of cholinergic neurons, and the subsequent accelerated brain aging in the late stage. However, it is not clear whether these age-related changes in the energy production mechanisms are specific to SAMP8 mice or if they apply universally to the phenomenon of aging. Solving this problem will require molecularlevel studies of the age-related changes in the energy production mechanisms in SAMP8 mice. 21 Alterations in dendrites/synapses/neuronal membranes and oxidative stress month-old SAMP8/Ta and SAMR1/Ta mice: colonies established under specific pathogen-free conditions at Takeda Chemical Industries. The results revealed a significant reduction of 6.6 to 23.9% in spine density in the proximal to middle portions of basal dendrites of CA1 pyramidal neurons in SAMP8 mice compared to SAMR1 mice. 23 Similar changes were shown in aged SAMP1TA/Ngs mice with learning disturbances: a colony established at Nagasaki University. 24 The number and density of the spines on basal or apical dendrites were significantly lower in aged mice. This morphological analysis was followed by a series of studies focusing on alterations of the cell membrane and numbers of neurotransmitter receptors . 25, 26 Reactive oxygen species, which are slowly generated as an inevitable consequence of life, have been suggested to be the cause of cumulative oxidative damage to cellular membrane proteins or lipids, supporting the free radical theory of normal aging. 12 Such damage to neuronal membrane components has also been implicated in the pathophysiology of age-related neurological disorders, including SAMP8 mice and AD. 27, 28 Alterations in free radicals in aged SAMP mice hasve been indicated because increases in superoxide dismutase activity and thiobarbituric acid reactivity, and decreases in reduced glutathione levels were found in the liver or brain. 29 Excessive oxidation of cortical synaptosomal proteins was found in the brains of aged SAMP8 mice but not of aged SAMR1 mice. 30 The activity of NOS increased with age in the cerebral cortex of SAMP8 mice, suggesting reduced sensitivity of the NO reaction system during the aging process. 31 Sato et al. 32 demonstrated the induction of oxidative stress in the cerebral cortex of SAMP8 mice from the age of 4 to 8 weeks by documenting an increase in lipid peroxides, net generation of H 2 O 2 , and decrease in the activity of glutamine synthase. Butterfield and Poon reviewed the current findings of altered gene expression and abnormal proteins in SAMP8 brains. In their review, they categorized the findings into processes of neuroprotection, signal transduction, protein folding/degradation, cytoskeleton/transport, immune response and reactive oxygen species production, and indicated that oxidative stress is of critical importance in these processes. 27 β/A4 protein-like immunoreactive granular structures β/A4 (Aβ) protein-like immunoreactive granular structures (β-LIGS) in aged SAMP8 brains were found by Takemura et al. using antisera against synthetic human Aβ1-24 or Aβ1-15 peptides. 33 β-LIGS are small irregular-shaped granules that are 1.5 to 2.5 μm in diameter and markedly increase with age in the medial septum, cerebral cortex, hippocampus (Fig. 1B) , cerebellum, and some cranial nerve nuclei and their roots, particularly in the trigeminal roots (Fig. 1A) . In 2-month-old SAMP8 mice, the numerical densities of β-LIGS in the cerebral cortices and the trigeminal roots were 1.85-fold and 1.04-fold greater, respectively, than those in 2-month-old SAMR1 mice. At the age of 12 months, the differences were 1.87-fold and 1.3-fold. The densities significantly increased through the life-span, especially in the trigeminal nerve roots and the deep layers of the cerebral cortex. The mapping favors the localization of β-LIGS in regions rich in nerve fibers, such as white matter and the cranial nerve roots, and suggests intra-axonal localization of these deposits. 12, 33 Although Aβ is a part of APP and the source of extracellular amyloid fibrils accumulating in senile plaques in AD brains, the granular structures of β-LIGS were not stained with either Congo red or thioflavine S, indicating that they contained no amyloid fibrils. They were clearly distinguishable from PAS-positive granular structures (PGSs) by shape and staining characteristics that appeared in association with astrocytes. 33 Immunoblots from tissues containing β-LIGS revealed prominent bands at 14 and 18 kDa, which are thought to be Aβ-containing APP fragments harboring the C-terminal region of APP. Therefore, SAMP8 mice show brain overproduction of AβPP and Aβ, 33, 34 and an increase in cerebral cortical and hippocampal AβPP mRNA expression was also reported. 26, 34 Recently, the time course of Aβ deposition in SAMP8 mice and control SAMP1 and ICR mice has been clarified. 14 From as early as 6 months of age, SAMP8 mice
show Aβ deposition in the hippocampus that increases in number and extent with age. These deposits are composed of clustered granules, which are mainly located in the stratum radiatum of the CA1 region and contain Aβ42, Aβ40 and other Aβ protein precursor fragments. In marked contrast, control mice show only low numbers of Aβ clusters that do not develop until 15 months of age. This result indicates that SAMP8 mice may be a useful tool to understand mechanisms involved in the formation of Aβ deposition in AD.
Axonal dystrophy
Spheroidal axonal dystrophy (AxD), which increases with age in the dorsal column nuclei, is recognized as one of the morphological hallmarks of brain aging in humans and other mammals. 11, 12 The appearance of AxD in the gracile nuclei of SAMP8, SAMR1 and control DDD mice was studied using NADPH diaphorase (NADPH-d) histochemistry. 35 AxD in the dorsal column nuclei, small neurons in the gracile nucleus, some swollen axons in the dorsal column, and medium-sized neurons in the dorsal root ganglion were all clearly NADPH-d/NOS labeled. No AxD was found in young mice. The enlarged fibers or varicosities that stained positively for NADPH-d/NOS in SAMP8 as a model of aging and dementiathe dorsal column increased in number and size with age. The AxD densities in the gracile nucleus were: 0% in young mice (2 months old) of all strains; 0.14% in middleaged DDD mice (11 to 14 months old); and 4.9%, 7.0% and 6.5%, respectively, in elderly SAMR1 (14 to 17 months old), SAMP8 (14 to 17 months old) and DDD (26 to 30 months old) mice. These results suggest that axons or terminals in dorsal column nuclei are more vulnerable to the aging process in SAMP8 mice than in SAMR1 or DDD mice. NO plays a role in the regulation of process outgrowth and remodeling during neuronal development.
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The age-dependent accumulation of NO-producing enzymes in AxD may indicate alterations in axonal transport and/or the remodeling of synaptic terminals, particularly in SAMP8 brains. 12 
GLIONEURONAL ALTERATIONS Spongy degeneration in the brain stem
Many vacuoles of varied size were localized in the neuropil of the brainstem reticular formation in SAMP8 mice, while no obvious vacuoles were evident in SAMR1 mice during development. 5, 37, 38 Such spongy degeneration was also observed somewhat in the brain stem of SAMP10 mice. 12 The vacuoles appeared at the age of 1 month and reached a maximum, both in number and size, at the age of 4 to 8 months. This spongy degeneration was found at levels between the hypothalamus and the spinal cord, especially in the magnocellular reticular formation (MGRF), pontine reticular nucleus and gigantocellular reticular nucleus (Fig. 3) . Vascular changes and neuronal loss were not apparent in areas of the spongy lesions. However, there was a marked proliferation of both hypertrophic and fibrillary astrocytes and the appearance of activated microglia in the vicinity of the spongy degeneration, even at 1 month of age. 37 The vacuoles were classified into two types upon ultrastructural examination. One localized to post-synaptic neuronal compartments, and the other to oligodendrocytes. As for the former type, a mild dendritic swelling was found at 1 month of age. This dendritic change was followed by moderate post-synaptic swelling and an enlargement of membranous structures within the dendrites by 2 months of age. Myelin-like membranous lamellae then appeared, circumscribing the large vacuoles at 5 months of age. 37 The latter type appeared to result from the breakdown of the myelin sheaths along the major dense line at 2 months of age. These two types of vacuoles were substantially increased at 5 months of age. Such changes in neuronal and oligodendroglial components may relate to lower amounts of total gangliosides in the brain stem of SAMP8 mice compared with SAMR1 mice. 39 Remyelination was frequently observed in spongy lesions of 8-month-old SAMP8 mice. At that age, oligodendrocytic cell bodies, neuronal cell bodies, endothelial cells and pericytes appeared normal in the brain-stem reticular formation of SAMP8 mice. It is likely that the changes in both neuronal and oligodendroglial processes develop with age up to approximately 5 months, and then a repairing process occurs thereafter. 12 Deterioration in learning and memory correlated with the severity of spongy degeneration of MGRF (especially the dorsomedial part) in SAMP8 and MGRF-lesioned mice. 38 SAMP8 mice thus may serve as a model of RF-lesioned mice with impaired learning and memory functions. However, the relationship and time-course between early-onset spongy degeneration and brain aging in SAMP8 need to be clarified further. Fig. 1 Immunohistochemistry of senescence accelerated mice P8 (SAMP8) brains using antiserum (1 : 5000) against a synthetic human Aβ1-24. Aβ proteinlike immunoreactive granular structures (β-LIGS) are disseminated in both gray and white matter and some cranial nerve roots and nuclei. They are 1.5 to 2.5 μm in diameter and irregular shaped. In the hippocampus, various sizes of immunoreactive granules were observed. Larger granules are round to ovoid in shape and are often clustered, however, they never form plaque structures. A: β-LIGS in trigeminal nerve root of 12-month-old SAMP8. Granules are markedly increased in number and are more strongly immunolabeled compared with those in 2-month-old SAMP8 (not shown); 360×. B: A higher-power view of β-LIGS in pyramidal cell layer of the hippocampus of 12-month-old SAMP8; 1000×.
PGSs in the hippocampus
Clusters of abnormal PGSs frequently appeared with advancing age in SAMP8 brains 40 and, to some extent, in SAMP10 brains. 12 The PGSs were small, round to ovoid homogeneous structures up to 5 μm in diameter and were usually grouped in clusters in close relationship to astrocytic processes. PGSs were abundant in the hippocampal formation, especially in the stratum radiatum of the CA1, CA2 and CA3 areas, and were sometimes observed in the pyriform cortex ( Fig. 2A) , the trapezoid nuclei, olfactory tubercle and cerebellar cortex. Quantitative analysis of PGSs in bilateral hippocampi showed that they appeared at the age of 3 months and markedly increased in number after the age of 6 months in SAMP8 brains. 40 Only a few PGSs appeared in control mice brains and only at an advanced age. A GFAP-positive astrocyte was often situated in the center of a cluster of PGSs, and each PGS appeared to be in contact with astrocytic processes (Fig. 2A) . Similar abnormal granules were also observed in the hippocampus of aged mice of the C57BL/6, 41 appearing at the age of 4 to 6 months with a similar morphology, staining characteristics and distribution patterns. Ultra-structurally, PGSs consisted of electron-dense granular or filamentous substances surrounded by a discontinuous membrane and exhibited a morphology similar to that of polyglucosan bodies (Fig. 2B) . However, their histochemical characteristics and distribution patterns were different from those of amyloid bodies or other structures. 40 PGSs have been reported to have monoamine oxidase B (MAO-B) enzyme activity, 42 possibly indicating an agedependent derangement of MAO-B-positive astrocytes. PAS-positive granules and some ultrastructural PGS features -such as aggregations of crystalline-like fibrillar material largely free of normal organelles located within astrocytic somata or processes -have also been reported in aged mice of other strains including C57BL/6 and AKR. 41, 43 PGSs seem to be unique and much relevant to age-related changes in mouse brains, based on the timing of their appearance in the hippocampus and the similarity to pathology in C57BL/6. However, it is unclear what types of age-related human brain pathologies are similar to PGSs. The origin and functional or pathological significance of PGSs should be further studied.
Astrogliosis and murine leukemia virus
A small number of astrocytic clusters that are immunoreactive to GFAP were observed in various parts of the brain even in young SAM mice, but the number and the immunoreactivity were markedly increased in aged SAMP8 mice. A remarkable proliferation of GFAP-positive astrocytes was found in spongy lesions in the SAMP8 brain stem (Fig. 3  A-C) , where the expression of APP was upregulated in the reactive astrocytes. 26 Astrogliosis was also noted in other brain regions lacking spongy degeneration in elderly mice. 12 These regions include the hippocampus, pyriform cortex, brain-stem nuclei and white matter. Scattered clusters of astroglia were sometimes observed in the cerebral cortices of aged mice, and these clusters appeared in association with vessels. The activity of MAO-B, an astrocytic enzyme, was significantly elevated and other astrocytic constituents, such as S100β, SOD, and aB-crystallin, have also increased in elderly SAMP8 brains. 12, 44, 45 Levels of murine leukemia virus (MLV), a highly concentrated retrovirus in AKR mice-a parental strain of the SAM lines-were quantifiable in various tissues of SAMP8 mice. The levels were much higher in SAMP8 brains than in SAMR1 brains. 46 Moreover, Akv-type MLV mRNA was detected in SAMP8 mice while no ecotropic mRNA was detected in SAMR1 brains. 47 The expression of Akv-type MLV has been correlated with astrocytosis and vacuolation in SAMP8 brains. Vacuolation appeared mainly in the cytoplasm of the neurons, 47 although the distribution was different in our findings as follows: the vacuoles were present mainly in the neuropil and the nerve cell body was well preserved. 37 The virus has also been shown to replicate in endothelial cells, glia and neurons, to induce morphological alterations such as neuropil vacuolation, neuronal degeneration and astrogliosis, and to modify scrapie infection. [48] [49] [50] Therefore, further studies are necessary to clarify the difference in distribution of vacuolated regions, to again examine whether virus-like particles are detected electronmicroscopically in vacuolated regions and to confirm whether vacuolation occurs by Akv-type MLV injection into SAMR1 brains.
Microglial reaction and a chronic inflammatory state
Reactive microglial clusters were found in and around spongy lesions in the brain stem of aged SAMP8 mice. The clusters expressed high levels of CD45 (leukocyte common antigen) and CD11b (Mac-1: a part of complement receptor 3). Massive deposits of intercellular adhesion molecule-1 (ICAM-1: a ligand for b2-integrin) were also observed in the spongy lesions. 12, 14 These reactive microglia appear at the age of 1 or 2 months, and clusters become more prominent with age in SAMP8 mice compared with aged SAMR1 mice. Many microglial cells that express class 2 major histocompatibility complex on the surface membrane were also found in the spongy lesions. Proliferation of microglia was also observed with aging in other brain areas, such as the cerebral cortex and hippocampus. With aging, microglia increase in number along with CD45 immunoreactivity in the CA1 region of the hippocampus in SAMP8 mice, while they do not change with advancing age in SAMR1 mice. 12 Such lesion proliferation is consistent with the distribution of age-dependent changes in the BBB observed in the hippocampus of SAMP8 mice. Thus there may be a type of immune response or chronic inflammatory state similar to that observed in Binswanger"s disease (BD), a main type of human subcortical vascular dementia, and in AD. 12, 51 Activated microglia produce abundant amounts of a number of toxic substances, including free radicals and glutamate. Such activation of microglia, therefore, may be involved in the pathogenesis of spongy degeneration observed in the brain stem of SAMP8 mice. Increased expression of non-lysosomal cathepsin E and lysosomal cathepsin D in reactive microglia were reported around the spongy degeneration in SAMP8 brains. 52 The former was richly localized to activated microglia, and the latter was abundant in both reactive astrocytes and activated microglia. These proteases are also upregulated in AD and may also play a role in neurodegeneration in SAMP8. 12 Recent gene expression analysis and polymorphism screening in SAMP8 mice revealed a mutation in, and ectopic expression of, the gene for the chemokine (C-C motif) ligand 19, which is involved in the inflammatory response and is abnormally expressed in the hippocampus of SAMP8 mice. 53 
BBB DYSFUNCTION
SAMP8 mice also show brain microvessel deficits 54 and BBB dysfunctions. [55] [56] [57] [58] [59] A quantitative analysis using a double isotope method revealed that age-related increases in the brain transfer of 125 I-human serum albumin were observed, especially in the olfactory bulb and the hippocampus of SAMP8 mice compared with those of SAMR1 and DDD mice. Increases in the transfer rate suggest an agedependent alteration of BBB function against macromolecules, particularly in the SAMP8 brain. 55 A barrier dysfunction against blood-borne molecules was noted in the medial portions of the hippocampus of aged mice, particularly in medial CA1 region and medial dentate gyrus, with a highly sensitive horseradish peroxide (HRP)-tetramethyl benzidine procedure. 56 Analyzing the extravascular access of blood-borne macromolecules, HRP was found to be more prominent in the hippocampus and even the dorsal thalamus of aged SAMP8 mice compared with that of aged SAMR1 mice. More HRP was transferred in the hippocampus of aged SAMP8 mice than in the hippocampus of young SAMP8 mice. 57 Extravasation of endogenous IgG from brain microvessels in the hippocampus of 12-month-old SAMP8 mice was also significantly higher compared to that of SAMR1 mice.
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A semi-quantitative analysis using immuno-electron microscopic techniques revealed increased vascular permeability in capillaries and venules of 11-to 13-month-old SAMP8 mice. 54, 59 Tracer studies with HRP revealed clearly increased vascular permeability in venules located in the
center of the olfactory bulb of 13-month-old SAMP8 mice and also that brain transfer of HRP was increased in the hippocampus of 13-month-old SAMP8 mice compared with that of 3-month-old SAMP8 mice. These findings suggest that these age-related changes in the BBB of SAMP8 brains contribute to age-related deficits in learning and memory. 60 
DISCUSSION
Age-related pathomorphological changes in SAMP8 brains are summarized as follows: 9, 10, 12 1 cortical atrophy in the pyriform cortex, neuronal loss or atrophy in the aminergic neurons of the locus coeruleus and the cholinergic neurons of the laterodorsal tegmental nucleus and the medial septum/diagonal band of Broca, as far as we examined; 2 intraneuronal accumulation of lipopigments in Purkinje cells and eosinophilic inclusion in thalamic neurons; 3 reduction of dendritic spines of hippocampal pyramidal neurons; 4 increased axonal dystrophy in the gracile nucleus; 5 intra-axonal accumulation of β-LIGS; 6 spongy degeneration and subsequent glial reactions in the brainstem reticular formation; 7 PGSs in the hippocampus; 8 severe astrogliosis most frequent in the hippocampus; 9 neuronal and glial reactions with matrix deposition of inflammatory molecules at the sites of brainstem spongy degeneration; and 10 age-related BBB changes, especially in the medial hippocampus, dorsal thalamus and olfactory bulb.
Although many and distant brain regions show these alterations, most of them listed for SAMP8 brains are also known to be pathological alterations of the aging human brain. Various predisposing factors, such as genetic background, aging, nutrition, infection and gender may contribute to the development of neurodegeneration in SAMP8 brains, resulting in learning and behavioral alterations. Nerve cells, dendrites, axons and synapses, and all types of glia also appear to be involved in the age-related pathomorphology of SAMP8 brains. 10, 12 Inflammatory and subsequent pathological progression may be accelerated by glial or endothelial alterations. Reactive changes in the astrocytes, microglia and oligodendrocytes in aged SAMP8 mice may be induced by chronic exposure to some stimulants transported through dysfunctional endothelial cells or by breakdown of the BBB. The processes involved may include membrane peroxidation, dysregulation of proteolytic activities and cytoskeletal abnormalities, all of which may cause direct neuronal damage in SAMP8 mice.
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SAMP8 brains do not show the morphological changes regarded as pathological hallmarks of AD (i.e. neurofibrillary tangles and senile plaques); however, SAMP8 brains show some of the pathophysiological signatures of AD, namely, abnormal Aβ accumulation and impaired Aβ clearance, hyperphosphorylation of tau protein, and increased oxidative stress and gliosis. Based on the current mutationassociated AD models, a chronology of events that can be read from the disease in the aged population is difficult to establish. Therefore, SAMP8 mice may be an excellent model for studying the earliest neurodegenerative changes associated with AD and provide a more encompassing picture of the human disease -a syndrome triggered by a combination of age-related events. 28 The cognitive and emotional disturbances from young ages in SAMP8 mice are due to brain molecular and pathological changes, such as oxidative stress, inflammation, and activated neuronal death pathways, affecting mainly the brainstem, hippocampus and cortex. Recent studies showed that differences in cognition and emotional hallmarks correlate with neurodegenerative parameters and epigenetic marks in SAMP8 mice. 61, 62 An alterations in cognitive behavior (Morris Water Maze and Novel Object Recognition) and non-cognitive emotional behavior (Elevated Plus Maze, Open Field and Swimming Forced Tests) were found in SAMP8 mice compared to SAMR1 mice as early as 2 months and up to 9 months of age. Differences in the molecular determination of protein levels and gene expression, in addition to ELISA DNA methylation/hydroxymethylation levels and the modification by environmental conditions, demonstrated that epigenetic modulation occurs in SAMP8 mice, both in the hippocampus and cortex, and the repression of DNA transcription of specific genes could be the initial and key step in the molecular stream developed in this strain compared to SAMR1 mice.
Environmental enrichment ameliorated cognition and reduced neuronal loss and apoptosis in SAMP8 mice compared to SAMR1, while kinase activity was downregulated. Subsequently, transcription factors that act in the reduction of oxidative stress and inflammation were found to restore SAMP8 mice to a SAMR1 phenotype. This suggests the epigenetic landscape change in SAMP8 as a key point for achieving a protective action, at least at the brain level. Therefore, novel therapeutics can be developed for neurodegenerative diseases, including AD, by focusing on epigenetic targets using the SAMP8 strain. [63] [64] [65] According to the traditional understanding of CSF physiology, the majority of CSF is produced by the choroid plexus and circulates through the ventricles, the cisterns and the subarachnoid space to be absorbed into the blood by the arachnoid villi. However, recent novel insights indicate that CSF dynamics and pathophysiology may be much more complex than previously understood.
66-68 CSF circulation comprises not only a directed CSF flow outside the brain but also a pulsatile to-and-fro movement throughout the entire brain with local fluid exchange between the blood, interstitial fluid and CSF interfaces. Astrocytes, aquaporin 4, and other membrane transporters are key elements in brain water and CSF homeostasis. CSF circulation around blood vessels penetrating from the subarachnoid space into the Virchow-Robin perivascular spaces provides both CSF and lymphatic drainage pathways for the clearance of waste molecules from the brain and a site for the interaction of the systemic immune and inflammatory system with that of the brain and meninges. Derangement of the drainage pathway in perivascular spaces constitutes the major pathomechanism not only in cerebral amyloid angiopathy but also in idiopathic normal pressure hydrocephalus (iNPH). [69] [70] [71] Cerebral amyloid angiopathy in cortical and leptomeningeal arteries blocks the flow of interstitial fluid along the walls of the arteries in the white matter with consequent derangement of the perivascular space, deposition of beta-amyloid, and AD pathology. It has also been suggested that perivascular space-narrowing at the centrum semiovale is a significant radiological and pathological marker of iNPH brains, and might further accelerate the dysfunction of the lymphatic perivascular drainage of CSF. It is of note that iNPH brain biopsy specimens often show cerebral small vessel disease as well as AD pathology. Our prospective cohort study revealed the comorbidity of these disorders was more than one-third at age 75.
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Such novel findings and their dysfunctions in flow or drainage pathways suggest that the interstitial fluid flow has an effect on the passage of blood-borne substances in the brain parenchyma, especially in areas near BBB-free regions. Actually, blood-borne substances can be transferred in areas with intact BBB function, such as the hippocampus, the corpus callosum, periventricular areas, and portions of the amygdala, presumably via the vessels in the subfornical organs or the choroid plexus.
Increasing evidence indicates that dysfunction of the BBB may play a significant role in the pathogenesis of vascular dementia as well as AD. The BBB in the hippocampus was clearly deteriorated in Mongolian gerbils exposed to acute ischemia and also in stroke-prone spontaneously hypertensive rats (SHRSP). The BBB in the hippocampus and the olfactory bulb was deteriorated in aged SAMP8 mice showing cognitive dysfunction. 60 In addi- In SAMP strains, SAMP10 mice also have been used as a model for the study of brain aging and age-related neurodegenerative conditions. By the end of 2016, SAMP10 studies appearing in PubMed searches yielded approximately 80 studies. Aging brains of SAMP10 mice are characterized by dendritic retraction of cortical neurons, 81 frontal atrophy, 82, 83 impaired learning and memory and fear conditioning in response to context, 84, 85 loss of synapses, 86 accumulation of DNA damage, neuronal ubiquitinated inclusions, decreased proteasome activity, reduced mACh receptors in the hippocampus, decreases in NGF from the basal forebrain and in GDNF from the hippocampus, 87 chronic hyperexcitability of amygdalar neurons, elevated oxidative-nitrative stress and increased pro-inflammatory cytokines. 81 In addition, degeneration of microglial cytoplasmic processes precedes the onset of neuronal degeneration in the hippocampus and cathepsin E-positive activation of microglia occurs during early life in the brainstem. 88 Genomics and molecular approaches have revealed a mutation in Fgf1, low-level zinc transporter expression, increased sphingomyelinase, lack of proteoglycan-related MAb6B4 epitope expression 81 and frame-shift mutation in Slc5a2 encoding SGLT2. 89 Based on proteomics, changes in the expression levels of pyridoxal phosphate phosphatase, phosphorylated collapsin response mediator protein 2, and phosphorylated a-internexin may be important. 81 Dietary intake of aged garlic extract and green tea catechin prevents progression of brain atrophy and cognitive impairments. Chinese medicine-originated acupuncture also can modify age-related changes in gene expression. 81 Thus SAMP8 as well as SAMP10 contribute to not only a senescence-accelerated model but also a promising clinicopathological and therapeutic intervention model for Alzheimer disease and other dementias.
Future SAMP8 research might address the following questions:. 
